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Abstract 
Thermal spray coating was found very stable even in erosion, abrasion, scratch and heavy load conditions. At 
elevated temperatures, it protects the solid lubricants entrapped in it and thus causes the layer to be stable and 
dynamic. In the present work, Ni and 60% wt. of Al2O3, were mixed in fixed proportion as thermal spray with 
entrapped solid lubricant through D–Gun on the substrate. The solid lubricants mixed in thermal spray were 
graphite and PTFE. The specimen was taken and cleaned properly and coated with thermal spray and solid 
lubricating coatings of 0.5 micrometer. These were then ultrasonically cleaned in the acetone bath. The 
coating is done by a duo spray pump that spurts the coating on the work piece. This pump spurting is 
controlled by a semi permeable membrane coated on the work piece. The coatings were evaluated for erosive 
wear performance. Coatings were tested at different air pressure, temperature and impingement angle. The 
Graphite and NiAl2O3 coating is found to be more stable tribologically as compared to PTFE and NiAl2O3 
coating at high temperatures and pressures. Morphological analysis of coatings was also done. 
© 2016 The Authors. Published by Elsevier Ltd.  
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1. Introduction 
Continueous use of mechanical systems causes wear on the mating surfaces and may impact the efficiency and 
overall performance of the mechanical systems. As a result, manufacturers of such systems seek to make or 
purchase from suppliers components that have a low coefficient of friction to minimize wear, improve efficiency 
and to have a higher seizure resistance. Vadiraja et al. [1] has studied the effect of thermal spray coatings applied to 
components to increase the life of the component by, among other things, reducing friction between mating surfaces. 
However, conventional thermal spray coatings can be improved by further lowering the coefficient of friction. 
Galina et al. [2] has studied the effects of thermal spraying on thick coatings (approx. thickness range is 20 
micrometers to several mm, depending on the process and feedstock), over a large area at high deposition rate as 
compared to other coating processes such as electroplating, physical and chemical vapour deposition. Coating 
materials available for thermal spraying include metals, alloys, ceramics, plastics and composites. They are fed in 
powder or wire form, heated to a molten or semi molten state and accelerated towards substrates in the form of 
micrometer-size particles. Combustion or electrical arc discharge is usually used as the source of energy for thermal 
spraying. Resulting coatings are made by the accumulation of numerous sprayed particles. The surface may not heat 
up significantly, allowing the coating of flammable substances. Coating quality is usually assessed by measuring 
its porosity, oxide content, macro and micro-hardness, bond strength and surface roughness. Generally, the coating 
quality increases with increasing particle velocities. 
Lovelock et al. [3] had a detailed analysis of the deposition parameters of WC-17% Co coatings produced using the 
JP-5000 liquid-fuel HP/HVOF system and investigated with the initial purpose of parameter improvement and 
optimization. The coating microstructures, porosities, phase compositions, and abrasion resistance were 
characterized. Vetter et.al [4] worked on surface properties of CrN coated engine cylinders. In their experimental 
study the cylinder was coated with CrN by PVD and its surface behaviours were investigated. The wear behaviours 
of the engine with CrN coated cylinder and with uncoated, cast iron, cylinder were compared.  Gérard [5] did a 
comparative study on different thermal spraying in the automobile industry. New advanced thermal spray 
technology, provides wear resistant coatings on the cylinder surface of aluminium or magnesium engines. The 
special surface topography obtained after the finishing allows to decrease significantly the coefficient of friction and 
to decrease the fuel consumption by an amount of 2 to 4%. Tsunekawa et.al. [6] Worked on sprayed cast iron 
coatings containing solid lubricant graphite and h-BN structure. Water-atomized cast iron powder of Fe-2.17 
at.%C-9.93at.%Si-3.75at.%Al were deposited onto an aluminium alloy substrate by atmospheric direct current 
plasma spraying to improve its tribological properties. Guleryuz, and Krzanowski [7] studied on the impact and the 
mechanisms of self-lubrication in patterned TiN coatings containing solid lubricant micro reservoirs. According to 
them the tribological mechanisms of friction and lubrication have been investigated in TiN coatings patterned to 
contain microscopic reservoirs for solid lubricant entrapment. These experiments highlight a variety of tribological 
mechanisms that can operate in micro reservoir-patterned coatings. Grewal et. Al [8] studied on slurry erosion of 
thermal spray coatings and effect of sand concentration. In this work, Ni based thermal spray coatings were 
deposited on a commonly used hydro turbine steel (CA6NM), with Al2O3 mixed in different proportions. It was 
observed that all the coatings helped in improving the erosion resistance of the steel with one containing 40 wt % 
Al2O3 showing the maximum improvement. This was related to the microstructure, which controlled the micro 
hardness and fracture toughness of the coatings.  Current work aimed to study the tribological effect especially 
in erosive wear modes, of a thermal spray coating with a dispersion of solid lubricant particles.  
 
2. Methodology 
 
Galina et al. [2] has mentioned in their study that the specimen can be coated of multiple thickness with different 
bases. Accordingly, the specimen was taken and cleaned properly and coated with thermal spray and solid 
lubricating coating of 0.5 micrometer. These were then ultrasonically cleaned in the acetone bath. The coating is 
done by a duo pump that the coating on the work piece. This pump spurting is controlled by a semi permeable 
membrane coated on the work piece. The component was clamped to the vice before spraying and cleaning, thus 
ensuring the accuracy of the spraying. Pressurized air at 1.2 bar spurts the spraying simultaneously on the 
component. This is heated to 300 oC and allowed to adhere on it for half an hour. The component is cooled by the jet 
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of water that flow over it. The Sinplexpro 90 and 180 D guns used for spraying and  moved across the component by 
a servo motor that has a crank speed of 50 cycles with 10 passes.  
 
2.1 Coating procedure 
The Bakelite piece of size 150× 72 × 25mm thick, were used as test specimen to lubricate with PTFE and 
graphite. The specimen surface was ground against the specific grades emery sheets, such as 220 and 600 grades, to 
get required roughness value. The test specimens were then cleaned with soap solution to remove the dust and oil 
contents from the surface. These were then ultrasonically cleaned in the acetone bath. To carry out PTFE coating on 
the flat surface, the binding material used was NiAl2O3 without additives. For doing this, two types of test samples 
were prepared both the solid lubricant coatings. The first surface was coated with NiAl2O3 and Graphite and the 
other with NiAl2O3 and PTFE.  The PTFE and graphite coatings provided a good base for lubrication on Bakelite. 
Graphite coatings, being micro porous, the lubricant is trapped into the interstices between phosphate crystals and 
improves its bonding strength. Further, a PTFE coating offers a much larger surface area for the lubricant to hold on. 
A  NiAl2O3 coating also gives excellent protection against corrosion. 
 
2.2 Tribological analysis 
The Air jet erosive wear tester (TR-471, Ducom Instruments) used for testing performance of coating under 
erosion. The test method utilizes a repeated impact erosion approach involving a small nozzle delivering a stream 
containing abrasive particles of Al2O3 of 50 micron size, which impinges on the surface of the test specimen. 
Moisture is removed by preheating erodent to 100°C for minimum 24 hrs.  
 
3. Results and discussion 
 
3.1 Metallographic Analysis 
 
The Bakelite sample, of dimensions 150× 72 × 25 mm thick, coated with the solid lubricants and thermal spray 
coating (50 µm) is taken and was observed under SEM (JEOL JSM5600lV) for understanding the coating. The 
image was first observed at x50 magnification and then at x2,000 magnification. The SEM analysis gives insight 
into surface features at various magnifications. It was observed that the Bakelite surface with the coatings were 
smooth under a magnification of x2000 and the surface started differentiating at x20000.The images are stabilities 
by adjusting the magnification (x1000), light intensity and source type and polarisation and standardised so that 
images are compactable for all samples. From fig. 1 (a-c), it is evident to see the natural graphite flakes are a 
polycrystalline form of carbon comprised of layer planes containing hexagonal arrays of carbon atoms. These layer 
planes, referred to as graphene layers, are ordered so as to be substantially parallel to one another. The bonding 
forces holding the graphene layers together are only weak Van der Waals flakes can be chemically treated to insert 
an ion into the interlayer spacing. The graphene layers can then be exfoliated by thermally vaporizing the intercalate 
in the graphite lattice. The intercalate within the graphite decomposes and volatilizes, which generates internal 
pressure between the graphene layers and forces the layers to separate as the intercalate escapes the graphite  
 
Fig. 1. SEM Analysis of (a) NiAl2O3, (b) Graphite + NiAl2O3 and (c) PTFE+ NiAl2O3 at x2000 at 15.0 KV 
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structure.The particles of intercalated graphite expand 100 or more times their original volume in an accordion-like 
fashion in the direction perpendicular to the graphene layers. The exfoliated graphite particles are vermiform in 
appearance, and are commonly referred to as worms. This fig. 1(c) shows the mix of PTFE+ NiAl2O3 in appropriate 
proportions. This shows a stable mixing of the compounds. Thus the bonding is stable. 
 
3.2 Erosive wear analysis  
 
Mann and Arya [9] have characterised the wear rates in erosive and abrasive modes of Plasma Nitriding and 
HVOF Coatings. Accordingly, in the present work, the erosive mode analysis was selected as a primary method to 
understand the wear rates of the coatings in depth. Wang [10] has studied the high temperature application of the 
coatings under different pressure conditions. As a continuation to this thought, Abrasive Alumina powders are 
blasted on the specimen coated with PTFE/ Graphite at different angles 30°, 45°, 75°, 90° angles at different air 
pressures and temperature ranges. Different pressures were 0.75 bar and 1.05 bar and temp were room temperature 
and 160 deg C. The results are shown in fig. 2 and fig. 3. Figure 2 gives results at 0.75 bar at different temperature 
and fig 3 gives results at 1.05 bar at different temperatures.  
 
 
 
Fig. 2. (a & b) Shows relationship between Graphite and PTFE coatings at 0.75 bar specimen at 30°, 45°, 75°, 90° impingement angles at room 
temperature and 160 deg. 
 
 
Fig. 3. (a & b) Shows relationship between Graphite and PTFE coatings at 1.05 bar specimen at 30°, 45°, 75°, 90° impingement angles at room 
temperature and 160 deg. 
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Fig. 4. SEM Analysis of Graphite+ NiAl2O3 coating at  30°, 45° and 90° angle. 
As indicated in fig. 2, graphite coating proved stronger than PTFE coating. The weight loss in graphite coating was 
significantly less than PTFE coating especially at lower impingement angle. At higher impingement angle weight 
loss is almost same. However, with the increase in temp., weight loss also increases and significantly higher than the 
loss at room temperature as shown in fig. 2(b).  
As indicated in fig. 3, wear increases with increase in air pressure [10]. However, graphite coating proved stronger 
than PTFE coating at high pressure also. The weight loss in erosive wear in graphite coating was significantly less 
than PTFE coating. This can be observed that with increase in air pressure from 0.75 bar to 1.05 bar weight loss was 
still high even at high impingement angle with the increase in temperature weight loss also increases and 
significantly higher than the loss at room temperature. The maximum erosion is at 30 degree impingement angle and 
minimum at 90 degrees. This dip in the graphs suggests that when the impingement angle has come to 75 degrees, 
the erosion has comparatively decreased as there erodent are more focused on hitting the substrate. The coating is 
thermally stable. Thermal coating binding has made the graphite coating more stable at higher temperature.  
The impact shows the fracture surfaces from axial fatigue specimens thermal spray coated. It is possible to 
observe the coating homogeneity, strong interface substrate/coating and micro cracks density distributed along 
thickness in a radial shape, and show fatigue cracks initiation and propagation at interface coating substrate. 
Erosion mechanism of the coatings showed a little dependency on the concentration of erodent particles. SEM 
micrographs of only Ni-Al2O3 coatings eroded at 0.5 wt % concentration condition have been illustrated in Fig 4. 
Further, it was also observed that erosion rate was not affected by exposure time. The major factor which appears to 
control the erosion mechanism was the alumina content. It could be analysed from the SEM micrographs of the 
eroded surface that the tendency of the coating to be removed due to fracturing of alumina splats increased with a 
corresponding increase in alumina content. Ni-Al2O3 coating containing maximum proportion of alumina showed 
highest presence of fractured splats. Other than this mechanism, removal of material in form of splats was a 
dominant factor, which controlled the erosion mechanism of the coatings. Some marks of micro-cutting were also 
observed, however, such marks were not prominent enough. The effect of erosion in delay or avoid the crack 
nucleation and propagation it`s shown in Fig 5. Compressive residual stresses at interface coating/ substrate were 
effective to avoid or delay fatigue crack nucleation and growth. The residual stresses profile played as a barrier 
against crack propagation. It is possible to observe the coating homogeneity, strong interface substrate/coating and 
micro cracks density distributed along thickness in a radial shape, and show fatigue cracks initiation and propagation  
 
Fig. 5. SEM Analysis of PTFE+ NiAl2O3 at 30°, 45° and 90° impingement angle. 
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at interface coating /substrate. The erosion at 1.05 bar is very high. The coating has rolled up and cracked and fused 
along the crack line. The erosion has occurred maximum at the crack line. 
 
Conclusions 
 
Ni-Al2O3 based thermal spray coatings were developed by mixing alumina and solid lubricants such as graphite and 
PTFE in different proportions. Thus obtained tribological surface is studied at different levels of erosive modes. 
Erosion behaviour of these coatings was investigated using two different air pressures at different impingement 
angles from 30 to 90 deg. From the study, it can be concluded that; 
 
x The maximum erosion rate was observed at lower angles. With the increase in angle, wear rates 
continuously decreases. This implied that at higher angle of impingement, the wear rate of the specimen 
decreases thus yielding to the stability of the coating.  
x Rise in temperature also increases wear significantly. However, Graphite coatings thermally proved more 
stable as compare to PTFE coatings. It is observed that graphite at higher temperature slips of its planar 
structure and gets entrapped in mix of NiAl2O3. 
x The variation of pressure with erosive rate is highly evident. As pressure of the impingement increases, the 
rate of erosion also increases. This directly proportionally is commonly observed in many applications 
x Erosion mechanism was dominantly controlled by the presence of alumina. The effect of concentration of 
erodent particles was not significant on the erosion mechanism. Fracturing of alumina splats and removal 
of material in form of splats were the dominant mechanism responsible for the erosion of coatings. 
x Tribologically, Graphite coatings proved stronger than PTFE coatings and showed low wear rates.  
x This is a method of imparting friction-reducing properties to a component, comprising: thermally spraying 
at least one base material on the component; and generating a dispersion of particles of at least one solid 
lubricant in at least a portion of the thickness of the base material, thereby creating a coating having 
entrapped solid lubricant particles. 
x It is understood that the prepared surface could be used for application as in group consisting of a piston 
ring, bearing, liner, piston, connecting rod and camshaft. 
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